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FOREWAED

Under Contract NAS8-27879 (October 27, 1971 - August 26,
1974}, new instrumentation has been developed to monitor contamina-
tion. Work previously reported has been the design and construction
of a Precision Quartz crystal MicrobalanceI for use in the Integrated
Real Time Contamination Monitor and the development of a Thermoelec-
trically-Cooled Quartz Crystal Microbalance2 to monitor contamination
as a function of temperature. This report covers work completed
during the final year of the Contract (August 27, 1973 - August 26,
1974) on the further improvement of quartz crystal contamination moni-
tors. The report is divided into two parts.

Part I is entitled "Improved Thermoelectrically-Cooled Quartz
Crystal Microbalance" and describes design changes in the microbalance
that have extended its temperature range, and increased temperature
control, mass sensitivity and cooling power. The mass sensor uses
20-MHz quartz crystals having a sensitivity of 8.8 x 10-10 g/cm2-Hz.
The crystals are optically polished, metal plated and overplated with
magnesium fluoride to simulate an optical surface. The microbalance
temperature circuitry is designed to readout and control surface tem-
perature between +100°C and -59°C to + 0.5°C and readout only tempera-
ture between -60°C and -199°C using auxiliary liquid nitrogen cooling.
It is recoB_uendedthat the microbalance be further modified to give
both temperature readout and contro] down to -199°C to facilitate
accurate monitoring with temperature of high-volatile contaminants,
such as, water vapor.

Part II is a paper entitled "Thermoelectrica11y-Cooled Quartz
Crystal Microbalance" and was presented at the 7th Space Simulation Con-
ference in Los Angeles, November 12-14, 1973. The paper gives data taken
on the measurement of oil contamination of surfaces as a function of tem-

perature in a space simulation chamber.
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i I. 0 INTRODUCII ON

I "'_e use of a Q(_4 to monitor surface contamination in space
simulation chambers is of limited value because a Q(N operates several
degrees above ambient temperatures. Gaseous contamination in equili-
brium with solid materials in the chamber is not readily adsorbed by a
Qfiy4because of its higher temperature. Contradicting results are often
obtained where a passive optical system shows contamination while a Q(_
operating nearby does not. To overcome this temperature problem, a
thermoelectrically-cooled quartz crystal microbalance (TQ(]_) was devel-
oped in the 1972-73 Contract )/ear for monitoring surface contamination
as a function of temperature. _ During this past year of the Contract,
an improved TQ(Y4has been designed with an extended temperature range,
precision temperature control, increased mass sensitivity and additional
cooling power.

The improved TQO4 uses a two-stage thermoelectric device and
digital panel meter to automatically control and readout the temperature
of the crystal sensor between -59°C anJ +I00°C to +- 0.S°C on a digital
panel meter.

An added feature of the improved TQ(_4is that it can also read-
out crystal temperature from -59°C to -199°C. This temperature range is
used when the heat sink is cooled with liquid nitrogen and permits the
measurement of water vapor contamination.

The mass sensor is a precision matched set of 20-_{z quartz
crystals f_r temperature stability having a high mass sensitivity of
8.8 x i0-lu g/cmZHz. The crystals are 1.27 on in diameter and optically
polished so that in-situ optical measurements can be made.2

The TQO4 can be set at any particular temperature over its
operating range. If the TQ{_4is set at ambient, the heat generated in
the oscillating crystal will be removed so that contamination loading to
passive optical systems can be monitored. By increasing temperature to
about +I00°C the crystal can be cleaned. By periodically dropping the
temperature of the TQ{_4in fixed steps the amount of surface contamination
for different equilibri_n temperatures can be determined and the back-
ground level of contamination in a chamber monitored with time.3

The TQOW can be used to generate a calibrated contamination
flux so that the contamination sticking coefficients of surfaces can be
measured. A TQflvl calibrated source is generated as follows. Contamina-
tion from an uncalibrated source is directed at a TOt_4 cooled to -50"C.
Contamination is allowed to freeze out on the TQCM. The uncalibrated I

: _ source is then turned off and the vacuum system allowed to pump down. IThe TQ_ now becomes the calibrated source by simply raising its tem-
!_ perature so that the contamination will desorb at the desired rate. By ,

monitoring the TQ(_ frequency increase with time, the contamination
mass flow rate can be accurately determined.

i
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The TQ(_4 is a precision instrument for measuring surface
contamination as a function of temperature in a space simulation
chamber. The TQCMuses a quartz crystal oscillator to measure mass
loading and the temperature of the crystal is controlled by a ther-
moelectric device. A drawing of the TqC_4instmmnentation is shown
in Fig. 1.

3.0 OPERATINGTEMPERATURERANGE

The TQ_ uses a two-stage thermoelectric device to auto-
matically control the sensor crystal temperature between -50°C and
+lO0°C to-+0.5°C in vacuum. For operation over this range, the heat
sink temperature is to be maintained below *40°C. No problem will
be encountered in maintaining the heat sink below �H�Ämounting
it on a 0.25 inch thick metal bracket. Heat generated by the TQCM
is readily dissipated by the bracket at an ambient room temperature
of +22°C to +30°C. The sensor is shown in Fig. 2.

The TQO4has been designed with reserve cooling power and
will reach a lower temperature limit of -59°C if its heat sink is main-
tained below +25°C. To maintain a +25°C temperature, the heat sink
is to be mounted on a 0.5 inch thick metal bracket capable of removing
3.5 W of power. If the Tq(_i is to be operated for extended periods
at -59°C, it may be necessary to water coo] the bracket to keep its
temperature from rising above +25°C.

Crystal temperatures to -199°C can be obtained by cooling a
special heat sink with liquid nitrogen. Operation in this mode is open
loop and not actively controlled.

4.0 VAL-U_ OPERATION

The Tq@I is designed to operate fin a space simulation cham-
ber at pressures below 1 x 10-4 Torr.

(The T_X_ can be operated under ambient room conditions in
a heating or cooling mode for short periods be*ween +10°C and +3S°C
to check-out the instrument.)

5.0 MASSSENSOR

A matched pair of precision 20-_z quartz crystals are used
to measuremass loading. The crystalsare designa*edas a sensorand

I referencecrystal. The crystalsare optically-polished_and plated

_ with metal. The sensorcrystalis coatedwith magnesiu_fluoridefor

i i in-situreflectivitymeasurementswhile contmination is collectingon

its surface. The crystalscan be changedby unlooseningtwo set screws

iJj_ in the T_04 sensorshown in Fig. 2.
I
t
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The output frequency of the TQ@4is the beat frequency be-
tweer the two oscillating crystals. The beat frequency effectively
eliminates frequency changes caused by ambient temperature variations.
Because only the sensor crystal sees the contamination flux, the TQQd

I output frequencywill increasewith mass loading,m, and

I m - 8.8 x I0 "I0 g/cm2Hz

The mass calibrationcurve is shown in Fig. 5.

6.0 T_PEP_Tt_ SET

The W(_4 operatingtemperatureis set by positioningthe
tht_nbwheel switchon the TQ(_4Controllerbetween-59°Cto +100°C.
The TQOq cool-downtime from +27°C to -59°C is sh,_wnin Fig. 4.

The coolingrate was improvedby about 50% by use of the
Marlow thermoelectricdevice insteadof a NuclearSystemsdevice.

7.0 TEMPERATUREOUTPUT

A 3 1/2 digit panel meter is provided on the TQO4 Controller
' for direct readout of crystal temperature between -199°C and +100°C.

A temperature output is provided for remote readout or re-
cording. The TQO4 temperature sensor is a precision platint_n resis-
tance thermometer linear to +. 0.5%. At 100°C the voltage output is
+ 1.000 Vdc. At -199°C the voltage output is - 1.990 Vdc. Hence,
the TQ(_4operating temperature in °C equals 100 times the voltage out-
put of the TQO_Controller.

Note that the TQ@t actively controls temperature only down

I to -59°C. A Faraday Laboratories cryogenic cooling adapter for auxil-
iary coolin_with liquidnitrogenmust be used to obtaintemperatures

i L._tween-59 C and -199°C.

8.0 FREQUENCYOUTPUT

A frequencyoutput is providedin the T(_ Controllerto
measurethe frequencychange of the crystalsensorproducedby mass
loading. Frequencycan be measuredby a counter,such as, a Hewlett
PackardModel HP5321B. Be sure to use a co_letely shieldedlead from
the Controllerto the CoRnierto eliminatenofse pick-upthat itill
produceinstability'in the cotmt.

9.0 INSTALLATION
A cable is providedfor connectingthe _04 Electronicsto

the TQ_ Controller for laboratory check out at smbient room temperature i_

!i s
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and pressure.
For operatingin vacuum,cut the cable and wire throughan

eight pin vacuum feed-thruas follows:

ElectronicsInput ControllerOutput
P5 Pin Nomenclature P4 Pin

A Shield No cor_lection
B Signal Output Frequency E

(use shielded lead)
C Platinum temp. sensor D
D PlatinumTemp. sensor F
E Power Ground B
F Power Input C
G ThermoelectricDevice (-) G
H ThermoelectricDevice (+) A

10.0 LONG TQO4 OPERATINGCABLE

Some TQ_ installationsmay call for lengthycablesinside
and or outsJJethe vacuum chamber. The importantfact to rememberin
such installationsis the added resistancein serie_with the tempera-
ture sensingelementand the thermoelectricdevice. Addingresistance
in serieswith the platinumtemperaturesensingelementcausesa con-
trolledand indicatedtemperatureerror equal to .55°C/ohm. This error
may be minimizedwith heavy gauge wire, calibratedout as indicatedin
the calibrationsectionor simply ignored. Added resistancein series
with the thermoelectricdevice shouldbe limitedto 0.5 ohms. The rather
largepeak coolingcurrentof 4 amperescausesan excessivevoltagedrop
in the line if resistanceexceedsthis value and coolingefficiencyis
decreased. Keep in mind series resistanceis the sum of the lead resis-
tance from Controllerto TQO4 and back in the return line.

11.0 TQO4 CALIBRATION

Each TQO4 has been accuratelycalibratedbeforeshippingand
under normal conditionsthe instrumentwill maintainspecificationsfor
at least one year. This calibrationwas accomplishedwith the standard
eight foot cable and sensor assemblysuppliedas part of the instrument.
Calibrationmay be consideredby the user for one of the followingrea-
sons(seeTQ_ Wiring DiagramDrawingFL-72-318,page 19).

a) Substitutionof a cable of significantlydifferent
resistancethan the suppliedcable.

" b) Substitutionof sensor assembly.
c) Recalibratlon after operation for a year.

The followingfactorscan be used as a guide in making the
decisionto recalibrateor acceptpossibleerrors. Cable resistmce

8



added to the temperature sensor element effects both the displayed
and controlled temperatures by an amount equal to .55°C per ohm.
Added resistance is considered to be the resistance from P4 pin D to
P5 pin C plus the resistance from P4 pin F to P5 pin D, less that
which exists in the supplied cable (approximately 0.2 ohms). To
better illustrate this effect, ass_ue the instrument is perfectly
calibrated and actual sensor temperatures would be 20.0°C. Adding
1 ohm total lead resistance would result in an actual sensor tempera-
ture of 19.45°C and a displayed temperature of 20.0°C. While still
within specification of +0.5°C, an error in fact exists and is masked
by the fact that the displayed temperature remained unchanged. Sub-
stitution of sensor assembly has an effect similar to changing cable
resistance. The platinum resistance elements used are specified to
be 470 ohms .+ .5% at 0°C, although in practice they are better than
this.

Examining the extreme case of substituting a + 0.5% element
for a - 0.5% element will illustrate the effect in the worst case. A

4.7 ob_nelement change is equivalent to a teom_eraturechange of 2.6°C.
Again, if the Controller were then set to +20 C, the actual tempera-
ture would stabilize at 17.4°C while the displayed temperature would
be 20.O°C.

12.0 CALIBRATION PROCEDURE

Calibration of the TQO4 consists of adjusting zero offset
currents in three amplifiers, and adjusting the four (4) current sources
in the temperature bridge. Only the top cover of the Controller chassis
need be removed to make these adjustments.

Adjustments are performed using the seven (7) potentiometers
mounted along the top of the circuit board plugged into J2. Looking at
the circuit board from the component side, they are potentiometer 1
through 7 from left to right (see Drawing FL-72-518).

15.0 DISPLAY CALIBRATION

1. Turn off Controller and turn off Thermoelectric Device.
2. Remove cable connector P5 from TQ_ F.lectronics.

3. Insert precision decade box in P5 pins C and D. Use
complete cable length.

4. Set decade box equal to .4834 ohms.
5. Turn on A.C. power and allow S minute warmup.
6. Set Controller switch to <+7. Measure voltage at J2 pin 50 (accessible on Board Z at

left side of third 100K resistor below P6).

I_ ! 8. Voltage should read -.4834V -.SmV +Om°L If it does
_'_ not, adjust potentlometer 1 to force -.4834 volt reading.

9. Set Controller switch to -O*C.



10. Set voltage to read -.4834 -0mV +.5mV with p2.
11. Move voltmeter connection to read voltage on J2 pin 36

(accessible on Board 2 at left side of the first 54.9K resistor below
and to the right of P4).

12. Voltage should read -.4834 -+ .lmV. If it does not, then
adjust P3 to force reading to be -.4834 volts.

13. Move voltmeter connection to read voltage on J2 pin 34
(accessible on Board 2 at left side of the second S4.9K resistor below
and to the right of P4).

14. Voltageshouldread -.4834+-.1inV.If it does not, then
adjustP4 to force readingto be -.4834volts.

IS. Removevoltmeter.
16. Place short clip on jtanperbetweenthe left sides of the

above 54.9K resistors.
17. DigitalPanel Meter (DPM) shouldread 0.0°C. If it does

not, adjustpotentiometerS to make DPM read 0.0°C.
18. Remove jumper.
19. DPM shouldread 0.0°C + .2°C. If it does not, then re-

peat 7 through18.
20. If the DPM fails to read 0.0°C + .2°Ca secondtime but

reads 0.0°C + .5°C, then adjustP3 to force 0 0°C reading.
21. Set the resistancedecadebox and the digitalswitchto

the indicatedvalues to test linearity. The DPM shouldread the indi-
cated temperatures+ 1°C.

Resistance Digital Switch Indicated Temp
95.3 -199'_C -199.0°C
293.0 -100°C -100.O°C
389.0 - 50°C - 50.O°C
483.4 - O°C - O.O°C
483.4 + O°C + O.O°C
576.4 + 50°C + SO.O°C
667.9 +100°C +100.0°C

22. Should the DPMdisplay a temperature other than the de-
sired indicated temperature -+0.5"C, there exists either a calibration
technique error or a hardware failure. It would be best to contact
the factory at this point.

23. One final check and adjustment may now be made under
certain conditions. If the sensor unit to be used is known to be at
a well defined ambient temperature the unit may be matched to the Con-
troller resulting in additional accuracy. Proceed to the temperature
control calibration if sensor temperature is not well known.

!_ 24. Turn power off.

25. Remove decade resistor from pins C and D of J5 and re-
place with the T{_ electronicsand sensorpackage.

26 Turn power on.

10 ; i'



27. Dt_ should i_nediately display the ambient temperature
which is also the sensor temperature.

2S. Potentiometer 3 should be adjusted to cause a correct
Dt_4 display if it differs less than -+ 2°C from ambient.

i 29. Should the DPM initially display a temperature greater
I than -+ 2°C different than ambient the calibration procedure should be

redone. A second failure to meet this condition would justify a call
to Faraday Laboratories.

30. Continue now with the temperature control calibration.

14.0 TEMPERATURE CONTROL CALIBRATION

I. It is now necessary to balance the two amplifiers that
determine thermoelectric device current.

2. Place a short jumper between J2 pins 30 and 36. (As
previously mentioned, pin 30 is accessible at left side of 54.9 K resis-
tor below potentiometer 4 and pin 56 is accessible at left side of third
I00 K resistor below potentiometer 6).

3. Turn off thermoelectric device switch.
4. Measure the voltage on Board 2 at the left side of the

bottom 1.8 K resistor in cohmm of resistors below P6.

5. Use potentiometer 6 to set this voltage as close to OV
as possible. This would usually be less than +-ImV.

6. Measure the voltage on Board 2 at the upper side of 15
ohm resistor on far right side of circuit board.

7. Use potentiometer to set this voltage as close to 0V as
possible. This voltage tends to toggle back and forth between + .IV
when the desired balance is established.

8. Circuit is now balanced as well as it can be statiscally
calibrated. While this will cause the instrument to regulate the sensor
temperature within the specified + IoC, a more precise balance can be
obtained by performing the following steps. It is not necessary to per-
form these steps. The calibration can be considere_'_ompleted here.

9. If sensor assembly is at atmospheric pressure set digital
switch to +10°C. When this is being done in a vacuum, skip to step 14.

10. Remove the jtm_er between J2 pins 30 and 36.
II. Continue to monitor the voltage at the point described in

step 6.
12. Use potentiometer 7 to adjust this voltage to 0 volts

coincident with the DPM indicating a sensor temperature of 10.0°C.
13. A more precise balance has now been obtained and the

calibration is complete.
14. When the sensor is under vacuum set the digital switch to

-0°C or if there is an often used and critical temperature then set the

I_ digital switch to this temperature.IS. Remove the jumper between J2 pins 30 and 36.
!2/_ 16. Continue to monitol the voltage at the point described in

step 6.

i
i '
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17. Use potentiometer ? to adjust this voltage to 0 volts
coincident with the DPM indicating -0°C or the set critical temperature.

18. Calibration is now complete.

15.0 TROUBLESHOOTING

There are a limited number of failures which can be analyzed
and fixed without necessitating return to Faraday Laboratories. This
would certainly be true with the assistance of Faraday Laboratorzes
personnel who are available for telephone consultation. Problems exist-
ing in the TQ(_ Controller would normally be customer repairable. Prob-
lems existing in the electronics package (sealed and potted) or in the
sensor assembly (a delicate assembly) should not be considered to be
customer repairable.

16.0 TROUBLESHOOTING PRO(_DURES

S_tom Possible Cause Test and Fix

No A.C. power indication Lamp burned out Turn power off
after plugged in and Measure lamp
turned on Replace Type 381

Switch failure Turn power off
Replace switch

Fuse blown Change once
1.5 amp slow blow

Cooler power supply Measure voltage out of
failure 5V cooler power supply

No Thermoelectric Device Lamp burned out Turn power off
power indication after Measure lamp
turn on Replace Type 581

Switch failure Turn power off and
replace

, Minor indicated temp Component drift Use calibration pro-
error cedure

Cable resistance change Use calibration pro-
cedure

_ Temp readout in error Broken cable wire Check continuity against

i_ or inoperative wiring tables between
Controller _ electronics -

, £1x wire



Symptom Possible Cause Test and FL_

Temp readout in error Broken wire inside Measure resistance
or inoperative electronics or sensor between J5 pins C and D.

Should measure 500
S2S ohms near room temp.

Electronics volt power Measure I voltages at
supply failure 15 volt supply

Should be 15 V -+5 volts

Temp output jack Check and remove short
shorted

Broken wire inside Measure resistance
electronics or sensor between J5 pins C and D.

Should measure 500 to
525 ohms near room temp.

Heater and DPMpower Measure voltages at
supply failure 15 volt supply

Should be 15 V

Temp output jack Check and remove short
shorted

DPM blinking Exceeding range of Return to normal
-199°C to +100°C temp range

Temp not stabilizing Component drift Use calibration pro-
at set temperature cedure

Caole resistance Measure resistance from
too large P4-A to PS-H

P4-G to PS-G
Both should be less than
0.25 ohm - use larger
wire

Temperature control Broken wire in cable Check continuity from
shows major error P4 to P5

Broken wire in elec- Check for low resistance
tronics or sensor J4A to J4G - Caution -

i--_ i use only low resistancescale of multimeter

i
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S)_ptom Possible Cause Test and Fix

Temperature control Insufficient drive Use clip on amp meter
shows major error current on wire from P4G to

PSG.
Measure 5.5 to 4.0 amps
when digitalswitck set
at least 10°C below in-
dicated temperature
Measure .8 to 1.2 amp
when digital switch set
at least 10°C above
indicated temperature
If these currents are not
indicated, measure voltages.
1) +5 volt supply

5.0 V +- .2V
2) -S volt supply

5.0 V +- 1V
3) voltages under above

conditions at cc_snon
point of power resis-
tors mounted on chassis
heat sink.

Shield short to ground Shield should _,, grounded
on both ends of cable only on electronics end,

NOTthe Controller end

l' Temperature output Power off, measure
I jack has been shorted center conductor to
i case. If shorted re-move short

No output at temp Open wire from J3-1 to Check continuity with
output jack while DPM the BNCcenter conductor power off - reconnect
indicated properly

No output at Broken connection Check for continuity
frequency BNC inside Contro!ler BNCcenter conductor

to J4 pin E

Broken cablewire Check continuityP4-E ]

• to PS-B I

l_ Cable short Measureresistance

PS-B to Ph-E.
With cable discormected,
both should read open

!
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Symptom Possible Cause Test and Fix

No output at Short in Controller Measure resistance
frequency BNC from PS-_ to PS-A,

PS-B to PS-E.
With P4 end connected
both shouldread greater
than I0 K ohms

Electronics package Replace electronics
failure

Quartz crystals over- Replace matched
loaded with contamina- crystal set
tion or drmaged

TQCMSensor fails Thermoelectric device Measure tee!stance frcm
to cool or heat damaged P4-'3 to P4-A.

With cable 4isconnected
•,'csistance should be
tess than 0.S ohm.
If larger, replace sensor

Platin_ temp s_n_Jr Measure resistance from
failed P4-D to P4-F. With

cable disconnected,re-
sistanceshouldbe ap-
proximately530 ohms. If
greaterthan 675 ohms. or
less than 80 ohms, replace

If after check out and adjusti_ents,the TQO4 instrumentationstill
fails to operateproperly, call FaradayLaboratories,(714)459-2412,for
assistance.

17.0 T_RAT[_ SENSORCALIBRATION

The operating temperature of the TQX_ is monitored by a pr....cision
platintm temperature sensor linear to *- 0.5%. Table 1 gives the calibra-
tion for the sensor.

_t t
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.IxY 106.60 -_? 187,25 -:_ |6$.9_ -67 _3,1g -27 _lg.33 _3 4%,30 53 S61.4g 9) I_1,79
-_ 104.65 -_' 189,2_ -1_6 367,9! -66 34S.L0 -26 "5t.l_ 1_ _96,1_ _ 570,33 g4 I_$.i_

-I_'J 110.69 -I ._ L_1.2'. ._'. _69.56 -65 347.0_ -2_ 423.00 Y5 496.03 S$ 57|.17 1$ t45.b3

-_n3 _,4.77 -1_.) 195.21 -lO_ 2_3.75 -63 330ol4 -2] k_6.76 t7 501.76 57 SFS.16 97 6_9.07
-1_2 116.41 -_2 197.1_ .162 _75.70 -63 3$2.75 -32 44|.66 1_ 503.62 $8 577.70 98 450.8_
-1_l _lJ_._k .t_l 199.17 .10l |77.64 -6_ $S_._ -21 _30.55 _g 505._9 $9 579.S_ 99 6S2.7_

-1_0 _20.$8 -_0 _01.16 -_00 279.$8 -60 356.$7 -20 433.43 30 507.35 60 _1.31 100 65_.33
.179 122.91 -I_q 203.1_, -_ 28L.52 -$g 3M.k_ -19 434.33 |1 SOg._l 61 563.22 LO_ 6_.3_
-t?_ 124.9_ r5_. 30$.12 ._ 283.46 .58 360.39 -tR 436.20 23 S11.07 62 S8$.06 10_ 6_1..6
-t;'/ 126°QH -_'_; _07.)¢) .._/ _B5._0 -57 362.39 -17 438.09 23 S12.93 63 586._'J 103 639.98
.1.7_ 129,0L *l_b 20').07 -96 287.3_* ' -$6 3_4,20 -16 439.9? 3_ S).4.79 6_* SSFJ.?3 ].Ok. 66].,79

-17_ 131.03 -_* 211.0§ -q'. 289.2_ -SS _6.11 -LS _,4t.85 35 516.65 65 590.57 LOS 663.6l
-17_ 133.06 -: 1_ 213.02 -*); 291.21 -_ 368.D2 -14 _3.73 26 _18o$1 b6 _92.b1 10_ 665.42
-17t 133.08 -13_ =_5.00 -9_ 293.15 -$3 369.93 -13 _$.*'t 27 S20.37 67 5%.25 107 _.--*;._k
-|72 137.10 -[ _ 216.97 -9_ 29S._8 -$2 371.13 -l_ _,7. _ _ $_.23 6_ 596.08 _08 669.05
-171 139.1] -._! 218. W_ °91 397.02 -$l 3?3.73 -11 _49._ 29 524.08 69 591.92 LOg 670.86

-170 1k.l.15 ._,_t_ _20.92 -90 :)98.95 -SO 375,63 -10 451.25 30 5;15.g4 70 599.75 110 672.61
-I09 143.17 -12V 222.89 -_9 300.88 -49 377.5_ -9 453.13 _L $27.10 71 601.$8 111 674.49
-16_ _5.18 .42_ 22_.86 -_ 303.81 -_6 379._ -B 455.00 33 329.65 73 603._1 IL_ 676.30
-167 l_7.20 -127 226.83 -87 304.7_ -47 381.34 -7 _56.08 33 531. $L 73 605.25 113 6_|.11
°166 1_,9.22 *' 7(_ 228.79 -_6 306.6_ -_6 383.2k -6 458.75 _ 533.36 7_ 607.0_ L_b 679.9_

-l_ 15_.23 -]2_ 2_0.76 -85 308.6( -45 3|5.14 -5 _60.63 35 533.|L 75 608.91 1115 68_.73
-16_ ]53.2_ .421, 232.72 -$_ 3L0.5_ .It4 387.0_ -_ _.6;I.50 36 537.06 7_ 610.75 _.).6 603.S_
-163 153.26 ._2_ _3_.69 -83 313._6 *¢3 388.93 -3 L_6_.38 57 536.92 77 612.58 _17 685.35
-I62 157.77 -12_ 236.65 *_2 31_.38 *_2 390.13 -3 _66.]3 3_ S_0.27 78 61_.4l L_J 687.16
-16l _59.27 .I_L 238.6l -$l 316.3l -kL 393.73 -1 _61.13 39 _2.62 79 6_6.24 119 688.97

Table 1 Calibrationof PlatinumResistanceTemperatu_ Sensor
between-200°Cand +I19°C

The temperature of the platintm sensor can be determined as
follows. Measure resistance between P4-D and P4-F. Then, subtract
from this resistance 15.4 ohms (lead resistance in TQ_ Sensor) and re-
sistance in TQO4 cable (resistancebetweenP4-D and PS-C plus resis-
tancebetweenP4-F and PS-D). The reslstan_edetermineda_ter subtrac-
tion of lead and cable resistanceis used In Table 1 to find the tem-
peratureof platinumsensor.
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18.0 DESIGNDRAWINGS

In order to extend the temperature readout range from -59°C
to -199°C, the TQ(34bridge circuit and amplifiers were modified.

The Controller Layout is shown in Drawing No. FL-72-318.

The Controller Wiring Diagram is shown in Drawing No.
FL-72-519.

The Temperature Control Bridge is shown in Drawing No.
FL-72-321.

The Display Amplifier is shown in Drawing No. FL-72-322.

The Cooler Driver Circuit is shown in Drawing No. FL-72-323.

19.0 REC(_DATION FOR TQfN CRYOGENICTEMPERATUREcONrROL

The improved TQ(_4has been modified to permit readout down
to -199°C. The expanded readout was made possible by extension of the
temperature bridge resistor network to balance resistance changes in
the platinum temperature probe at cryogenic temperatures.

The expanded TQCNreadout makes it possible to monitor high-
volatile contaminants with temperature, such as, water vapor. Table 2
gives the freezing point of water vapor as a function of vapor pressure.

Temp °C Pressure Torr

-90 7.45 x 10-2
- 100 1.10 x 10"2
-110 1.25 x 10-5
-120 1.13 x 10-4
-150 6.98 x I0 "6
-140 2.9: x 10-7
-150 7.4 x 10"12

Table 2 Freezing Temperature of Water Vapor
for Various Vapor Pressures

As can be seen from Table 2, surface temperatures between
-140°C and -1S0°C are required to freeze out water vapor in a space
simulation chsmber at pressures below 2.93 x 10"I Tort. The present

TQ_ permits the readout of cryogenic temperatures but it does not

_,_

_ ; have the cspability to set and control a surface at a particular tem-
perature. It is recommended that the TQO4power control system be i_J_ modified to control surface temperature to *- 0.5"C between -60"C and l-199'C.
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Temperature control would be accomplished by modification
of the TQC/4temperature servo-loop. A cryogenic cooling adapter shown
in Fig. 5 would be used to cool the mass sensor down to approximately
-199"C by liquid nitrogen cooling.

A helium filled platinum temperature probe in the sensor
would be part of the servo-loop. Depending on the temperature set by
the thtm,b-wheel switch in the TQO4Controller, the servo-loop would
drive current into a heater in the sensor to reach any desired tem-
perature down to -199"C. The set temperature would be maintained by
the TQO4 automatically comparing the platinum temperature probe with
the desired temperature and correcting temperature errors by varying
the heater power.
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THERMOE L.ECTRICAL LY-COO LED
QUARTZ CRYSTAL. MICROBALANCE *

[9. McKeown and W.E. Corbin, Jr., Faraday Laboratories Inc.,
La Jolla, California, and R.J. Naumann, Marshall Space Flight
Center', Huntsville, Alabama

ABSTRACT

A quartz crystal microbalance is of limited value in monitoring

surface contamination on satellites or in space simulation cham-
bets because it operates several degrees above ambient tem-
peratures. The amount of contamination adsorbed on a surface

is highly temperature dependent and the higher temperature of

the microbalance will significantly reduce the amount of con-
tamination it adsorbs. Generally, a quartz crystal microbalance
will indicate a lower level of contamination than the amount that

is actually present. To overcome this problem, a thermoelec-
trically-cooled quartz crystal microbalance has been developed
to monitor surface contamination as a function of temperature.

iNTRODUCTION

The use of a quartz crystal microbalance (QCM) is a well
established method for weighing thin films of solid materials, down to

a fraction of an Angstrom, that are deposited I or removed 2 from a

surface. Solid films couple strongly into the oscillating QCM and Its

frequency change is proportional to the mass loading. Direct applica-

tion of a QCM to monitor a wide range of contamination in space simu-

lation chambers has proven to be a mope difficult task because a QCM
operates several degrees above ambient temperatures. Gaseous con-
tamination in equilibrium with solid materials in the chamber Is not

readily adsorbed on a QCM because of its higher temperatures. Con-

tradictory results are often obtained where a passive optical system

shows contamination while a QCM operating nearby indicates little is
present.

As the study of surface contamination becomes mope fundamen-

tal in nature_ a QCM specifically designed to monitor contamination ts

* This work supported under NASA Contracts NAS8-_7879 and

NASS-11183. For presentation at the AIAA-NASA/ASTM/IES 7th ._
Space Simulation Conference, November 1_-14, 1973 p Los Angeles p

California :i
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needed. Not only must the heat generated by the QCM be removed,

but a convenient method found to automatically control its operating
temperature, so that, surface contamination studies can be made

over temperature extremes common to spacecraft. To per,mit in-situ

r,eflectivibJ measurements, the crystals should be optically polished.
With these objectives in mind, a thermoelectricatly-cooled quartz

crystal microbalance has been developed for monitoring contamination
on optical surfaces as a function of temperature.

QCM LTMTTATTONS

A QCM is an active quartz crystal oscillator and power dissipation
r,aises its temperature several degrees above the ambient. Because

|

the amount of contamination adsorbed on a surface is highly temperature
_ependent, a passtve surface at ambient temperature will adsorb a

number of contamination monotayers until it reaches an equilibrium
with sources in the chamber while a QCM wilt adsorb a smatter number

because of the different equilibrium cond[tion, in some cases, a heavily
driven QCM will operate about 10°0 above ambient. At this elevated
temperature no measureable amount of contam[nat[on will be observed.

The amount of contamination adsorbed on a surface is dependent

on the residence time, T, of the contamination molecules 3,

T = T exp ( A E/R-F)o

where T o is the vibrational period of the contamination lattice, A E
the desorption activation energy, R the gas constant and T the absolute

temperature. Griffith 4 has shown that the desorption rate of contamina-
tion with desorption activation energies of less than 25,000 cat/g-mot I

(oils and epoxies) is highly dependent on temperature. A 10°C tempera-

ture rise can result in nearly a ten fold increase in the desorption rate.
Use of a QCM to monitor" contamination wilt consistently give tower

r,eadings than the actual level present because of its higher temperature.

The strong effect of temperature on the adsorption and desorption
of contamination is shown in Fig. 1. Here Iong-ter,m OGO-6 measure-

ments are shown correlating QCM contamination loading to the eclipse

period of the satellite. As has been previously r,eported_ the primar,y
source of contamination on the satellite was the solar panels baking out
in the sun5.

" ': OGO-6 was inset,ted into a polar orbit with its orbit plane norm6i
_';_ to the earth-sun line. This orbit was chosen so that the satellite would

2
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be in full sunlight for the maximum period after launch. During the.

four week period after launch, the amount of contamination adsorbed
onto the QGM steadily increased until the first week in duty when it

abruptly decreased and finally in August the QCM s_,oweJ a net loss
of contamination and became a contamination source. By correlating
the eclipse periods of the satellite to the QCM measurements, the

reason for the fluctuation in the contamination adsorption and desorp-
tton rates became apparent.

In full sunlight the temperature of the solar panels was 720C
and a wide range of high and low volatile contamination outgassed from
the panels onto the QCM. During maximum eclipse, when OGO-6 was

in the earth shadow 30_,, of the time, the average temperature of the
solar panels dropped to 60°0 and the contamination flux from the panels
decreased significantly, The QCM lost contamination du.'tng the eclipse

period because the lower flux rate from the panels did not balance out
contamination desorbing from the QCM. The QCM desorbed contamtna-

, tion into space and onto adjacent surfaces that were at a tower tempera-i,
._ ture than the QCM.
i Although the QCM indicated a toss of contamination during eclipse,I

'i contamination was present, Reber's Neutral Mass Spectrometer, located

i next to the QCM, showed that a strong flux of contamination continued to
outgas from the panels.

THERMOE LECTRICA LLY-CO0 LED QCM

In order to conduct contamination experiments as a function of
temperature, a new instrument catted a _hermoetectrically-cooted QCM

(TQCM) was developed. A thermoelectric device was picked to control
temperature because it offers several advantages over other methods.

it uses only a series of solid-state bismuth tetturide junctions, through
which electrical current is passed, to pump heat to or from a load by

the Peltier effect. It is small in size and can be remotely operated
with a signal pair of electrical leads. It has no moving parts and is

highly reliable. There are no requirements for pumping a refrigerant
or for supplying a coolant, such as, liquid nitrogen. These features

I result in greatly reduced operating and maintenance costs in controlling
the temperature of a QCM with a thermoelectric device.

r The design of the TQCM has been previously reported 6 and only
i its operation will be described here, The TQCM instrumentation opera-

l.. ting under ambient conditions ts shown in Fig. 2. The TQCM Controller

i;._" operates on 115 Vac, 60 Hz at 0.25 A and provides the various voltage

!;._._ outputs to operate the crystal oscillators, temperature brtdge_

i
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thermoelectric device and r_,adouts oF temperature and frequency.
The TQCM I_lectronics, Heat Sink, and Sensor ape shown in

Fig, 3, The TQCM uses a two-stage thermoelectric device to auto-

matically control the sensor cPysta] temperature between -50°0 and
+100°O to ± 1°(-_ in 'vacuum, For, operation over this range, the heat

sink temperature is to be maintained below +40°0, No problem will
be encountered in maintaining the heat sink below +40°0 by mounting
it on a 0.6 cm thick metal bracket. Heat generated by the TQCM is

readily dissipated by the bracket at ambient room temperatures.
The TQOM has been designed witln an extended temperature

bridge circuit and reserve power- and wilt Peach a tower" temperature
limit of -59°0 tf its heat sink is maintained below +25°C. To maintain

a+25°O temperature, the heat stnk is to be mounted on a 1.2 cm thick

metal bracket capable of removing a maximum 2.8 W when the TQCM
is at-59°C. The TQ©M cool-down time in vacuum is shown in Fig. 4.

The TQCM operating temperature is set by positioning the
thumb wheel switch on the Controller. A 3 1/2 digit panel meter is

provided in the Controller for direct readout of temperature,
A temperature output is provided for remote readout or recording.

The TQGM temperature sensor is a precision platinum resistance ther-
mometer linear to -.5%. At 100°G the voltage output is 1.00Vdc, At

-59°C the voltage output is - 0.59Vdc. The TQCM operating temperature
in °C equals 100 times the voltage output of the Controller.

A matched pair of precision 10-MHz quartz crystals is used to
measure mass loading. The crystals ape designated as a sensor and

reference crystal. The crystals are optically-polished and plated with
At. The sensor" cr"yst_t is coated with magnesium ftuor'ide for in-situ
reflectivity measurements while contamination is collecting on its sur-

face. The crystals can be changed by unloosening two set screws in the
TQCM Sensor'.

The output frequency of the TQCM is the beat frequency between
the two oscillating crystals. The beat frequency effectively eliminates

frequency changes caused by ambient temperature variations. By cape-
fully matching sets of crystals in vacuum, fr`ecluency change with tem-
perature of less than +_ 50 Hz between -59°0 and +100°0 is attained.

Because only the sensor crystal sees the contamination flux_ the TQCM
output frequency will increase with mass loading. The crystal sensor is

optically polished and full plated on one side. -T-his technique produces

a mope active crystal whose mass sensitivity is greater by about 20%
than semi-polished crystals. The TQCM mass sensitivity, mr is

J_ g/cm2_Hz ;'m = 3,5 x 10 -9

6
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A frequency output is provided in the TQCM Con]rotter to
measure the frequency change of the crystal sensor produced by mass

loading. Frequency is measured by a counter, such as, a Hewlett
Packard Mode] HP5321B.

The TQCM can be set at any particular temperature over its
operating range, if the TQCM is set at ambient, the heat generated

in the oscillating crystal will be removed so that contamination loading
to passive optical systems can be monitored° By increasing tempera-
ture to about +100°C the crystal can be cleaned, By periodically

dropping the temperature of the TQCM in fixed steps, the amount of
surface contamination for different equilibrium temperatures can be
determined and the background level of contamination in a space
simulation chamber monitored with time.

The TQ©M can be used to generate a calibrated contamination

flux so that the contamination sticking coefficients of surfaces can be
measured. A TQCM calibrated source is generated as fo]lows. Con-
tamination from an uncattbrated source is directed at a TQOM cooled
to -50°O. Contamination is at]owed to freeze out on the TQOM. The

uncattbrated source is then turned off and the vacuum system allowed

to pump down. The TQCM now becomes the calibrated source by
simply raising its temperature so that the contamination wilt desorb
at the desired rate. By monitoring the TQGM frequency increase

with time, the contamination mass flow rate can be accurately de-
termined.

The TQCM can also be used to calibrate the mass loading of

viscous films on the quartz crystal sensor that do not couple welt into
the oscillating mass of the crystal, As a contamination film grows to

several hundred monolayers, its top layers wilt slip relative to the
oscillating crystal. The simple relationship between mass loading and

frequency change wilt not hold true. Calibration is achieved by drop-
ping the sensor temperature to freeze the contamination and provide

rigid mass coupling to the crystal.

CONTAMINATION MEASUREMENTS

Studies of background contamination in a vacuum chamber were
made to show the capability of the TQCM to measure surface contamina-

tion under equilibrium conditions. A 150 t/sac Vat-ion pump was used
to evacuate the chamber to the 10 -9 Tort range. Just prior to the

, measurements, the chamber" was contaminated with Welsh Duo-Seat
,- ,_ roughing pump oil that ra{sed its pressure into the 10 -7 Torn range.

9
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The net mass gain or toss for an aluminum surface from the

adsorption and desorption of background contamination present in the
;; chamber at 7 x 10 -7 Tort is shown in Fig. 5. Below -30°C adsorption

predominated and contamination collected on the surface. Above
-30°C desorption predominated. The break in the curve at about

-10°C where the rate of desorption increased abruptly is significant.
The break shows a phase change occuring in the contamination

from a solid to a liquid. The phase change caused a ]arge increase
in its vapor pressure and the higher desorption rate. We were unable
to make a measurement at +20°0 because the desorption rate became

so large that by the time the surface reached +20°C the contamination

was nearly completely desorbed.
Fig. 6 shows the desorption rate of roughing pump oil as a

L function of the number of monolayers on the surface for a contamina-
tion background pressure of 4 x 10 -7 Tort. When the number of
contamination layers reaches 200, the increase Ln the desorption

rate starts to level off indicating the butk properties of the oil pre-
dominate and the properties of the surface have tittte effect on the
desorption. At 0°C the leveling off of the desorption rate is quite
evident.

The desorption rate decreases rapidly as the number of

layers present is reduced because of the higher bonding energy holding

contamination layers near to the surface. The higher bonding energy
results from contamination motecutes fitting cracks and crevices in

the polycrystalline aluminum surface.
The number of monolayers of contamination on a surface in

equilibrium with the contamination on the waits of the vacuum chamber

as a function of temperature is shown in Fig. 7. The ambient tem-
perature of the chamber was 23°0. The measurements were made

by raising the TQCM temperature to +80°0 to bake off surface con- i
tamination and then dropping its temperature to -50°C to adsorb a
film of contamination. The TQCM temperature was then increased

to a particular equilibrium temperature shown in the figure to deter-
mine the number of contamination monoiayers. From the figure it

can be seen that there was always oit contamination on the surface
even at 4 x 10 -7 Torm for temperatures below +30°0. It woutd have

been in; )ssibte to make the measurements with a QCM because there
are no net mass changes at equitibr [um.

_, i CONC LUSIONS
id

i'_t.2_1_ Most contamination is adsorbed on a surface in the gaseous
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or liquid state and the adsorption rate is highly temperature dependent.
A QCM is of= limited value in monitoring contamination because it

operates several degrees above ambient temperatures and does not
readily adsorb contamination. For accurate measurements, a tem-

perature controlled QCM should be used.
If a QCM is used to monitor contamination, measurements

should be made from a directed source. The source temperature
should be much higher than the QCM operating temperature to insure

that the contamination sticking coefficient is greater than zero.
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